Theta scans
1.1 NH3 dimer Table S1 . Energy ranges and exponential fit data for NH3 theta scan. Energy ranges and fit data are calculated from a sum of the data for both approaching atoms, whereas volume data pertains to a single atom. Figure S1 . Intra-atomic energy and its contributions for all values of θ in the scan. Table S2 . Energy ranges and exponential fit data for H2O theta scan. Energy ranges and fit data are calculated from a sum of the data for both approaching atoms, whereas volume data pertains to a single atom. Figure S2 . Intra-atomic energy and its contributions for all values of θ in the scan. Figure S3 . Intra-atomic energy and its contributions for all values of θ in the scan.
Theta

H2O dimer
HF dimer
The deterioration of quality of the fits for the HF dimer theta scan discussed in the main text and shown in Tables 1 and S3 is reflected in some odd trends in the intra-atomic energy contributions at the largest values of θ shown in Figure S3 . Note also that, while there is still significant volume compression of the fluorine atoms at the larger values of theta, we showed in the main text that this compression does not occur through-space and so the interaction is not steric. Figure S4 . Intra-atomic energy and its contributions for all values of θ in the scan.
N2 dimer
1.5 O2 dimer Table S5 . Energy ranges and exponential fit data for O2 theta scan. Energy ranges and fit data are calculated from a sum of the data for both approaching atoms, whereas volume data pertains to a single atom. Figure S5 . Intra-atomic energy and its contributions for all values of θ in the scan. Figure S6 . Intra-atomic energy and its contributions for all values of θ in the scan. For all following figures, decomposed intra-atomic energy plots are displayed on the right and plots of the number of electrons are displayed on the left. The first line of plots gives data for the heavier atom, and the second line of plots gives data for the hydrogen atom.
Theta
F2 dimer
Hydrogen-bond type approaches (H…X)
Unmixed systems
2.1.1 NH3…NH3 Figure S7 . Intra-atomic energies and number of electrons for N and H atoms in the NH3 dimer. Figure S8 . Intra-atomic energies and number of electrons for O and H atoms in the H2O dimer. Figure S9 . Intra-atomic energies and number of electrons for F and H atoms in the HF dimer.
OH2…OH2
FH…FH
PH3…PH3
Figure S10. Intra-atomic energies and number of electrons for N and H atoms in the PH3 dimer.
2.1.5 SH2…SH2 Figure S11 . Intra-atomic energies and number of electrons for S and H atoms in the H2S dimer.
2.1.6 ClH…ClH Figure S12 . Intra-atomic energies and number of electrons for Cl and H atoms in the HCl dimer.
All intra-atomic energies for atoms in unmixed H…X approaches behave according to the model set out in the discussion. Most hydrogen atoms have intra-atomic energies dictated by the Vne contribution, the exceptions being the PH3 and HCl dimers. In the PH3 dimer, the hydrogen atoms are negatively charged so have more electrons and as such are more affected by atomic compression, so the deformation energies show trends originating from a combination of charge and volume effects. In the HCl dimer, the change in the number of electrons during the approach is an order of magnitude smaller than in other systems; 0.007 electrons in the HCl dimer compared to 0.04 electrons in the H2S dimer. Generally, the maximum deformation of the intra-atomic energies for both atoms decreases as atom X moves along the period, as is evident in the fit coefficients displayed in Table S7 . This trend is not rigorous, however, as multiple variables change when X changes.
Mixed Systems
CH4…NH3
Figure S13. Intra-atomic energies and number of electrons for N and H atoms as a hydrogen atom in CH4 approaches the nitrogen atom in NH3.
CH4…OH2
Figure S14. Intra-atomic energies and number of electrons for O and H atoms as a hydrogen atom in CH4 approaches the oxygen atom in H2O.
CH4…FH
Figure S15. Intra-atomic energies and number of electrons for F and H atoms as a hydrogen atom in CH4 approaches the fluorine atom in HF. Figure S16 . Intra-atomic energies and number of electrons for O and H atoms as a hydrogen atom in NH3 approaches the oxygen atom in H2O.
NH3…OH2
NH3…FH
Figure S17. Intra-atomic energies and number of electrons for F and H atoms as a hydrogen atom in NH3 approaches the fluorine atom in HF.
OH2…NH3
Figure S18. Intra-atomic energies and number of electrons for N and H atoms as a hydrogen atom in H2O approaches the nitrogen atom in NH3.
OH2…FH
Figure S19. Intra-atomic energies and number of electrons for F and H atoms as a hydrogen atom in H2O approaches the nitrogen atom in HF.
FH…NH3
Figure S20. Intra-atomic energies and number of electrons for N and H atoms as the hydrogen atom in HF approaches the nitrogen atom in NH3. Figure S21 . Intra-atomic energies and number of electrons for O and H atoms as the hydrogen atom in HF approaches the oxygen atom in H2O.
FH…OH2
The intra-atomic energies for mixed H…X approaches also behave according to the model set out in the discussion. Here, the periodic trends are easier to identify as only one molecule is changed at a time. For example, for the series CH4…NH3 to CH4…FH, the maximum deformation of intra-atomic energy for both atoms decreases as atom X increases in mass. For the series CH4…NH3, NH3…NH3, OH2…NH3, FH…NH3, the maximum deformation of intra-atomic energy for both atoms also decreases.
Hydrogen-hydrogen approaches (H…H)
3.1. Unmixed systems 3.1.1 CH4…H4C Figure S22 . Intra-atomic energies and number of electrons for a single H atom as it approaches its mirror in the CH4 dimer. Figure S23 . Intra-atomic energies and number of electrons for a single H atom as it approaches its mirror in the NH3 dimer.
NH3…H3N
3.1.3 OH2…H2O Figure S24 . Intra-atomic energies and number of electrons for a single H atom as it approaches its mirror in the H2O dimer. Figure S25 . Intra-atomic energies and number of electrons for a single H atom as it approaches its mirror in the HF dimer.
FH…HF
These experiments are commented on at length in the discussion. Hydrogen atoms in CH4 are essentially neutral and experience little change in the number of electrons as one hydrogen atom approaches another, so the deformation in its intra-atomic energy is determined by the T contribution and is therefore exponentially positive. In the other experiments, the hydrogen atoms are charged and experience significant increases the number of electrons as they approach each other. This leads to dominance of the Vne contribution which is greater in magnitude than both the T and Vee contributions and increasingly negative deformation in intra-atomic energy. The more positive the charge on the hydrogen atom, the more negative the intra-atomic deformation energy.
Mixed systems
For all following figures, data for the first hydrogen atom is displayed in the top row, and data for the second hydrogen atom is displayed in the second row. For example, in the CH4…NH3 approach, data for the hydrogen atom in methane is presented first, then data for the hydrogen atom in ammonia is presented second.
3.2.1. CH4…H3N Figure S26 . Intra-atomic energies and number of electrons for the hydrogen atom in CH4 (top) and the hydrogen atom in NH3 (bottom) as they approach each other.
CH4…H2O
Figure S27. Intra-atomic energies and number of electrons for the hydrogen atom in CH4 (top) and the hydrogen atom in H2O (bottom) as they approach each other. Figure S28 . Intra-atomic energies and number of electrons for the hydrogen atom in CH4 (top) and the hydrogen atom in HF (bottom) as they approach each other.
CH4…HF
3.2.4. NH3…H2O Figure S29 . Intra-atomic energies and number of electrons for the hydrogen atom in NH3 (top) and the hydrogen atom in H2O (bottom) as they approach each other. Figure S30 . Intra-atomic energies and number of electrons for the hydrogen atom in NH3 (top) and the hydrogen atom in HF (bottom) as they approach each other.
NH3…HF
3.2.6. OH2…HF Figure S31 . Intra-atomic energies and number of electrons for the hydrogen atom in H2O (top) and the hydrogen atom in HF (bottom) as they approach each other.
The data from the mixed H…H approaches is consistent with the model outlined in the discussion. All atoms experience comparable increases in electrons as they approach their counterpart, and the extent to which the deformation in intra-atomic energy is determined by the T contribution or the Vne contribution depends on the charge of the atom. Highly charged atoms have few electrons to be affected by an atomic compression but are equally influenced by changes to electron population so are proportionately more dependent on charge deformations.
Relaxed experiments
The intra-atomic energy data for rigid experiments were subtracted from the data for corresponding relaxed experiments to calculate the deviation between them.
4.1 HF theta scan Table S8 . Energy ranges and exponential fit data for the relaxed HF theta scan. Energy ranges and fit data are calculated from a sum of the data for both approaching atoms, whereas volume data pertains to a single atom. The fit data in Table S8 follow very similar trends to the rigid scan in Table S3 . Figure S32 . Gradient plot showing the deviation of the relaxed experiment from the rigid experiment. Figure S33 . Deviations in the intra-atomic energies of approaching hydrogen and nitrogen atoms between relaxed and rigid NH3 molecules. Table S8 . Energy ranges and exponential fit data for this approach. Fits were calculated for the sums of the intra-atomic energies of the approaching atoms. Figure S34 . Deviation in the intra-atomic energy of an approaching hydrogen atom between relaxed and rigid NH3 molecules. Figure S35 . Deviations in the intra-atomic energies of approaching hydrogen and oxygen atoms between relaxed and rigid H2O molecules. Figure S36 . Deviation in the intra-atomic energy of an approaching hydrogen atom between relaxed and rigid H2O molecules.
Theta
NH3…NH3
OH2…OH2
The deviations increase as separation decreases, and the relaxed systems are generally lower energy than the rigid ones, however this is not the case for the oxygen atom in the OH2…OH2 approach. Although one might always expect the intra-atomic energy to be lower in a relaxed system than a rigid one, this is only one component of the total energy that is minimised during geometry optimisation so any increases in intra-atomic energy upon relaxation will be offset by reductions in other energies.
Set of example coordinates
We provide a set of Cartesian coordinates for one of the experiments as an example to aid anyone that desires to reproduce any of the experiments. The experiment given is the linear FH-NH3 scan, the scan goes from maximum to minimum separation. 0 N 0.00000000 0.00000000 0.11202000 H 0.00000000 0.94195000 -0.26139000 H -0.81576000 -0.47098000 -0.26139000 H 0.81576000 -0.47098000 -0.26139000 H 0.00000000 0.00000000 3.68702000 F 0.00000000 0.00000000 4.61114000 1 N 0.00000000 0.00000000 0.11202000 H 0.00000000 0.94195000 -0.26139000 H -0.81576000 -0.47098000 -0.26139000 H 0.81576000 -0.47098000 -0.26139000 H 0.00000000 0.00000000 3.57702000 F 0.00000000 0.00000000 4.50114000 N 0.00000000 0.00000000 0.11202000 H 0.00000000 0.94195000 -0.26139000 H -0.81576000 -0.47098000 -0.26139000 H 0.81576000 -0.47098000 -0.26139000 H 0.00000000 0.00000000 2.03702000 F 0.00000000 0.00000000 2.96114000
